The functional interaction between the externally located NAD(P)H dehydrogenase and the Q-pool acceptor site(s) in Percoil-purified mitochondria from Jerusalem artichoke (Helianthus tuberosus L. cv OB1) mitochondria has been investigated. Oxida This phenomenon is independent of the ionic strength and it is probably due to a specific effect of polyamines on a membrane region close to the NADH-dehydrogenase/Q-pool interaction site (22).
a parallel decrease of the apparent Km for NADH. In the presence of saturating amounts of UQ1 as electron acceptor, the Km (NADH) is not affected by variations of the ionic strength. Conversely, the Km for UQ1 is decreased by the screening effect of negative charges on the outer membrane surface. Under low-ionic strength, the hydroxyflavone platanetin progressively inhibits NADH oxidation with a mean inhibition dose of approximately 3 nanomoles of inhibitor per milligram of protein. Interestingly, under high-ionic strength, oxidation of NADH proceeds through two platanetin binding sites, one of which has a lower affinity for the inhibitor (mean inhibition dose = 20 nanomoles per milligram protein), because it is located near the outer surface of the membrane. This latter site is the one involved in the oxidation of external NADPH and, possibly, also affected by spermine and spermidine. Similarly to NADH, oxidation of NADPH is fully sensitive to micromolar concentrations of free Ca2" ions; in addition, similar concentrations of the sulfhydryl reagent mersalyl are required to inhibit both NADH and NADPH oxidative activities. The results are interpreted as evidence for the presence of a single nonspecific NAD(P)H dehydrogenase.
It is generally accepted that in plant cells, redox equivalents released from the chloroplasts can be directly oxidized by the mitochondria via the NADH-or NADPH-dehydrogenases located on the outside of the inner mitochondrial membrane (10) . In vitro experiments indicate that NADH is usually oxidized faster than other substrates, with apparent Km values ranging between 10 and 100 AM, depending on the origin of the mitochondria (10) . Available evidence suggests that the apparent Km for NADPH is generally higher than for NADH, but whether the NADPH-dependent respiration is due to a separate dehydrogenase is not known. Indeed, although it is well established that oxidation of external NAD(P)H depends on Ca2" ions (3, 15) , rates of NADPH oxidation comparable ' Research work supported by Consiglio Nazionale delle Ricerche of Italy (Bilateral project I-U.K.).
to NADH oxidation have only been reported in studies in which the incorrect selection of concentrations of free Ca2" ions (21 mM) has caused the most confusion (10) . In this respect, we have recently demonstrated that oxidation of external NADH by Jerusalem artichoke (Helianthus tuberosus) mitochondria is modulated by polyamines such as spermine and spermidine through a decrease, from 1 to 0.2 gM, of the Km for free Ca2" of the extemal NADH dehydrogenase (20) .
This phenomenon is independent of the ionic strength and it is probably due to a specific effect of polyamines on a membrane region close to the NADH-dehydrogenase/Q-pool interaction site (22) .
Early studies (5, 11) (19) .
RESULTS
Oxidation of External NAD(P)H The NAD(P)H activities of intact Percoll-purified mitochondria of H. tuberosus are summarized in Table I . It is apparent that mitochondria suspended in a low-salt medium (see 'Materials and Methods') oxidize NADH at a rate that is much lower than that measured in high-salt medium, whereas NADPH oxidation, which is 10 to 15% of the NADH oxidation, is rather insensitive to ionic strength conditions. Conversely, both activities are markedly sensitive to 1 mm EGTA and the control activities are 85 to 95% restored by subsequent addition of 1 gM free Ca2" ions. Ca2`concentration similar to that estimated for cytosolic free Ca2+, the apparent Km for NADH is slightly lower than that calculated in an early report (11) , but considerably higher than the estimated cytosolic NADH concentration (,1 MM) (6) . Conversely, the apparent Km for NADPH is approximately three times lower than the NADPH concentration in plant cell cytosol (6).
Effect of UQ1 on the Kinetic Parameters for NAD(P)H Oxidation
It has recently been shown that addition of UQ1 to beetroot submitochondrial particles oxidizing NADH only slightly stimulated the total rate of oxygen uptake but dramatically increased the rotenone-insensitive rate (21) . The Km (NADH) for the total activity was little affected by the presence of UQ1, whereas the Km (NADH) for the rotenone-insensitive activity was dramatically changed from 167 to 11 gM. Figure  2 shows the kinetics of NADH oxidation by intact H. tuberosus mitochondria in the presence or in the absence of catalytic amounts (60 ,uM) of UQj. In contrast with beetroot mitochondria, the total activity of the external NADH oxidase measured as 02 consumption was considerably stimulated by exogenous UQ, (>40%) with an apparent Km (NADH) variation from 35 to 15 uM. Figure 3 shows the Lineweaver-Burk plots for NADH-UQ, reductase activity, measured as NADH oxidation at 340 nm, under high-and low-ionic strength conditions. It is apparent (19) . Figure  4a shows a titration of the NADH oxidation by Jerusalem artichoke mitochondria, under state 3 uncoupled, as a function of different concentrations of platanetin. It is apparent that under low ionic strength, the platanetin inhibition curve is almost linearly correlated with increasing concentrations of the inhibitor, whereas under high ionic strength, the inhibition pattern is biphasic. This latter finding suggests that platanetin has two different membrane binding sites, a highaffinity site that corresponds to a concentration of inhibitor of approximately 20 nmol mg-' protein, and a low-affinity site that can be extrapolated to a concentration of approximately 200 nmol platanetin mg-' protein (see dotted trace in Fig. 4a) . The high-affinity site would be the one operating under low ionic strength, whereas both low-and high-affinity sites would be activated under physiological conditions. Figure 5 shows the effect of mersalyl on the oxidation of external NADH. Notably, under both low-and high-salt conditions, the inhibition curve is blocked by very similar concentrations of mersalyl (mean inhibition concentration = i0-M) with an estimated binding site concentration of 200 nmol mg-' protein.
NADPH Oxidation: Effect of Polyamines, Platanetin, and Mersalyl
Oxidation of external NADH is strongly affected by polyamines such as spermine and spermidine (20) . Under high ionic strength, spermine and spermidine decrease the appar- and NADPH show many similarities, they can easily be distinguished by their sensitivity to mersalyl (1) . For example, NADH oxidation by potato mitochondria is insensitive to 6
Mm mersalyl, whereas the NADPH oxidation is completely blocked by this inhibitor concentration (1) . The present data seem, therefore, to suggest that H. tuberosus mitochondria are endowed with a nonspecific NAD(P)H dehydrogenase showing different sensitivities toward platanetin and mersalyl.
DISCUSSION AND CONCLUSIONS
The results of the present study demonstrate that the kinetic parameters for oxidation of NAD(P)H by purified mitochondria from H. tuberosus tubers reflect the interaction between the external NAD(P)H dehydrogenase system and the Q-pool. Indeed, the observation that oxidation of external NADH is stimulated by exogenous UQ1 with a parallel decrease of the apparent Km (NADH) strongly suggests that the concentration of the Q-pool at the NADH dehydrogenase interaction site is a rate-limiting factor in NADH oxidation.
A similar phenomenon has recently been described for the internal rotenone-insensitive NADH dehydrogenase of beetroot mitochondria (21) , in which a decrease from 167 to 11 gM of the Km for NADH was observed after addition of UQ1. To explain this latter result, a two-stage quantitative model has been postulated with one NADH binding site and two sites of UQ reduction (one of which is insensitive to rotenone) with a common intermediate 'P,' whose reduction level can influence the NADH binding site and therefore the Km for NADH. The proposed model not only suggests the presence for the internal NADH dehydrogenase of two Q binding sites, but also predicts that access of the Q-pool to the rotenone-insensitive site is restricted. This situation might arise if the rotenone-insensitive site was located near the outer surface of the lipid bilayer, where low amounts of the Q-pool are likely to diffuse but high levels of UQ1 can be found (24) .
A similar situation might possibly exist also for the external NADH dehydrogenase. Indeed, we have demonstrated (Fig.   3 ) that the Km for NADH with saturating amounts of UQ, as electron acceptor is not affected by the ionic strength (Km for NADH of about 40 Mm), but the Km for UQ1 is decreased from 100 to 30 gM by screening of the negative charges on the outer membrane surface. This latter finding tends to raise doubts about early studies suggesting that the ionic strength might affect the Km for NADH by enhancing the capacity of NADH to reach its active catalytic site on the membranebound enzyme.
Conversely, the effect of the ionic strength on the Km for UQ, supports the concept that under low ionic strength, the Q-pool has a restricted access to the NADH dehydrogenase/ UQ1 interaction site, which is likely to be located near the outer surface of the membrane. This latter consideration suggests that under low ionic strength, the physiological site through which the dehydrogenase delivers electrons to the Q-pool is located in the hydrophobic phase of the membrane. In this respect, it is noteworthy that recent studies on the capacity of different hydroxyflavones to inhibit the external NADH dehydrogenase have demonstrated that they must be lipophilic enough to be able to gain access to their inhibitory site (18) . This site is not freely accessible at the surface of the inner membrane, but located inside its hydrophobic part (18) . In fact, the estimated -log P values (P being the partition coefficient between octanol and water) found for compounds having a powerful inhibitory effect are between 5.1 (platanetin) and 3.7 (norwogonin) (18) . The inhibitory pattem of platanetin on the extemal NADH oxidation (in Fig. 4) indicates that, at low concentrations, this hydroxyflavone binds the dehydrogenase/Q interaction site located inside the hydrophobic part of the membrane. This site, which corresponds to approximately 18 nmol platanetin mg-' protein, is the one operative under low-ionic strength conditions (Fig. 4a) .
Conversely, in high-salt suspended mitochondria, oxidation of extemal NADH proceeds through two Q interaction sites, one of which has a lower affinity for platanetin because it is located near the outer surface of the membrane. This low-affinity site contributes to approximately 50% of the total NADH oxidation rate and has a higher affinity toward UQ, (Km of 30 Mm). Therefore, we propose that the extemal NADH dehydrogenase has two UQ binding sites whose operativity is modulated by ionic strength conditions. Under conditions in which the negative charges on the outer surface of the membrane are shielded by cations, the Q protonation would be favored and the UQ, high-affinity site would be the physiological pathway activated by free Ca2" ions. This model would also explain the strong and specific effect of polyamines. Indeed, the polyamine binding sites are likely to be located near the membrane surface because it has clearly been demonstrated that the conformationally flexible carbon chains of polyamines are unable to penetrate into lipid polar groups (9, 17, 23) .
Concerning the oxidation of external NADPH, we suggest I that H. tuberosus mitochondria do not contain a specific NADPH dehydrogenase and that the high-affinity UQ1 binding site, i.e. the low-affinity platanetin binding site, is the one involved in NADPH oxidation. Indeed, the simplest interpretation of our results suggests that under physiological conditions (high-salt medium), NADPH is oxidized through the Q binding site near the outer membrane surface because this activity is only slightly affected by 10 gM platanetin and it would require an estimated inhibitor concentration of 60 sM for a complete inhibition. The NADPH oxidation is also strongly affected by polyamines (spermidine and spermine, 0.2 mm each), and this supports the concept that the NADPH oxidation site must be near the membrane surface. NADPHdependent respiration is fully sensitive to micromolar concentrations of free Ca2" ions; in addition, oxidation of both NADH and NADPH is inhibited by similar concentrations of the sulfhydryl reagent mersalyl.
Previous work in nonpurified mitochondria from H. tuberosus has suggested that two specific dehydrogenases are involved in the oxidation of NADH and NADPH (12). This conclusion was based on marked differences in sensitivity to chelators and to sulfydryl group reagents along with characteristic pH values for maximum respiratory activities depending on NADH or NADPH (12) . In contrast with this latter finding, we report that the NADPH oxidation of Percoll-purified mitochondria of H. tuberosus is insensitive to pH variations between 5.0 and 7.0. Although it is difficult to explain the differences between early and the present data, it is reasonable to assume that the conclusions drawn from nonpurified mitochondrial preparations might cause the most confusion. Indeed, it is well established that the matrix face of the inner mitochondrial membrane catalyzes a fast NADPH oxidation with a maximal activity around pH 6.0, this latter pH value also being the most effective for the external NADPH oxidase activity (14) . However, the oxidation rate of the internal NADH dehydrogenase is much faster than the external one; therefore, it is possible that the presence of a certain amount of broken mitochondria might be the source of overlapping between the actual contribution of the external and the internal NADPH oxidase activities.
On the other hand, the concept that plant mitochondria may not contain a specific external NADPH dehydrogenase has recently been supported by Luethy et al. (8) through a comparison of the isolated external NAD(P)H dehydrogenases of corn, wheat, and aged beetroot mitochondria. It has been demonstrated that there are three potential NAD(P)H dehydrogenases present in soluble preparations from plant mitochondria: (a) a 55-kD NAD(P)H dehydrogenase that shows sensitivity to platanetin, this protein being able to oxidize both NADPH and NADH or to oxidize only NADH depending upon species; (b) a 31-kD NADH dehydrogenase that, with the species evaluated to date (beetroot only), oxidizes NADH and is possibly specifically inhibited by apigenin; and (c) a 42-kD NAD(P)H dehydrogenase that is insensitive to platanetin and apigenin but affected differently by sulfhydryl reagents such as N-ethylmaleimide, mersalyl, and 3,3'-methylene-bis(4-hydroxycoumarin).
On the basis of these results, it was concluded that in plant mitochondria an NAD(P)H dehydrogenase specific for NADPH might not exist, although a variability does exist in the substrate specificity of the enzymes between species. With this in mind, we conclude that mitochondria of H. tuberosus will contain, at least, the 55-kD-type, platanetin sensitive NAD(P)H dehydrogenase. However, further work is necessary to verify this prediction.
The actual physiological role of the external NAD(P)H dehydrogenase system has recently been questioned (6) . Indeed, the apparent Km (NADH) is much higher than the estimated NADH concentration in the cytosol (61 FM), so that even with the fully activated enzyme the rate of NADH oxidation in vivo would be about 2 to 4% of that measured in vitro. This has been considered an important control system to prevent the redox equivalents from transporting out of the mitochondria by a malate/oxaloacetate shuttle and reoxidizing by the external NADH dehydrogenase (6) . A similar reasoning cannot be applied for NADPH consumption because the high cytosolic [NADPH] (approximately 160 gM)
indicates that the major route for oxidation of external redox equivalents by the mitochondria is likely to be the external NADPH dehydrogenase system.
The data in Table I show that, on the basis of simple Michaelis-Menten kinetics, the rate by which NADPH would be oxidized by H. tuberosus mitochondria in vivo is four times higher than that of NADH (20 and 5 nmol min-' mg-' protein for NADPH and NADH, respectively). These values are similar to those reported for mitochondria isolated from potato tubers, where the actual in vivo NADPH oxidation can be estimated between 10 and 40 nmol min-' mg-' protein (at pH 7.0) (13) . This suggests that in mitochondria from tuber tissues, the oxidation of cytosolic NAD(P)H plays a minor role in redox transfer. This does not seem to be true for green tissues, where very high rates of NADPH oxidation have been reported (6, 10) , with the possible exception of spinach leaves (4) .
Unfortunately, the incorrect selection of concentrations of free Ca2+ ions in early studies does not permit a comparative and reliable evaluation of how the NAD(P)H oxidation is affected by cytosolic oscillations of Ca2 . In addition, it remains to be defined to what extent local pH changes on the surface of the inner membrane contribute to the catalytic properties of the enzyme. Therefore, further studies are necessary to clarify the mechanism(s) by which the external NAD(P)H dehydrogenase can be regulated in vivo.
